In this paper, crystalline iron-nickel alloy nanostructures were successfully prepared from two cationic pyridinium derivatives as soft templates in solution. The crystal structure and micrograph of FeNi alloy nanostructures were characterized by X-ray diffraction, scanning electron microscopy and transmission electron microscopy, and the content was confirmed by energy-dispersive spectrometry. The results indicated that the as-prepared nanostructures showed slightly different diameter ranges with the change of cationic pyridinium derivatives on the surface. The experimental data indicated that the adsorption of cationic pyridinium compounds on the surface of particles reduces the surface charge, leading to an isotropic distribution of the residual surface charges. The magnetic behaviours of as-prepared FeNi alloy nanostructures exhibited disparate behaviours, which could be attributed to their grain sizes and distinctive structures. The present work may give some insight into the synthesis and character of new alloy nanomaterials with special nanostructures using new soft templates.
Introduction
Over the last few decades, the preparation of nanostructures has been attracting considerable attention because of their novel properties of surface effect, small size effect, quantum effect and macro-quantum tunnel effect [1] [2] [3] . Nanostructures, especially hierarchical ferromagnetic nanoparticles, are potentially interesting materials due to their fundamental importance and potential applications in fields such as sensors, nano-devices, magnetic recording materials, magnetic logic, high-density magnetic random access memory, biological transportation, etc. [4] [5] [6] [7] [8] [9] [10] . In order to obtain well-defined nanoparticle assemblies, various techniques have been developed, such as vapourbased growth techniques, the arc process, the supercritical fluid method, the self-assembly route, the sol-gel method, electrodeposition, hydrothermal synthesis, chemical vapour deposition, atomic layer deposition and chemical reduction [11] [12] [13] [14] [15] [16] [17] . Among these techniques, the templatebased self-assembly method is widely adopted not only because it has preferable insulativity, and chemical and heat stability, but also because it is convenient, versatile and inexpensive [18] [19] [20] .
In addition, FeNi alloy, which is usually called permalloy, shows a series of physical characteristics with the variation of ratios [21] [22] [23] , and it has superparamagnetic properties and the high chemical stability needed in biotechnology and separation. Until now, the nanostructures of FeNi alloy have been investigated widely [24] [25] . However, the comparative study of the fabrication process, which is important for its magnetic properties, has not been discussed intensively. Jia et al. presented a microwaveassisted route to obtain FeNi 3 alloyed nanochains [26] . Zhang et al. successfully fabricated FeNi alloy nanowires and nanotubes in an anodic aluminium oxide template by electrodeposition [27] . Lu et al. demonstrated the synthesis of FeNi 3 nanoparticles via a hydrazine reduction method without using any surfactant agent [28] . Interestingly, they have recently reported a simple cetyltrimethylammonium bromide (CTAB)-mediated directed-assembly method for the synthesis of magnetic iron-nickel nanochains in an aqueous solution [29] .
Herein, we have designed and prepared FeNi 3 nanostructures via two cationic pyridinium derivatives as templates and stabilizers. In the molecular structures of both compounds, the hydrophobic alkyl chains were symmetrically/ asymmetrically linked to a pyridine ring as a headgroup to show different molecular skeletons and charge dispersion. The morphology, composition and magnetic properties of the as-prepared FeNi alloy nanostructures are investigated in detail.
Experiment

Materials
The starting materials, 1-bromohexadecane and 4, 4'-dipyridyl, were purchased from Alfa Aesar (Beijing, China) and Sigma-Aldrich (Shanghai, China) Chemicals. Cetylpyridinium bromide (abbreviated as C16Py) with analysis purity was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd, China. The solvents were obtained from Beijing Chemicals and were distilled before use. All other chemical reagents used in this experiment were of analytical grade and used without further purification. Deionized water was used in all cases. 1, 1'-Dihexadecyl-4, 4'-bipyridinium bromide (abbreviated as BiPy) was synthesized by reacting 4, 4'-dipyridyl with 1-bromohexadecane according to a previous report [30] . Put simply, the 1-bromohexadecane and 4, 4'-dipyridyl were heated in dried ethanol for two days at 78 °C. After that, the reaction mixtures were cooled and evaporated to dryness. Then, the residues were purified by recrystallization in ethanol solution as a yellow solid. The final product was confirmed by 
Nanostructures' Preparation
Iron-nickel alloy nanostructures were prepared by reduction of Fe 2+ and Ni
2+
in an aqueous solution using C16Py and BiPy as surfactant agents, respectively. In a typical process, similar to that of a previous report [28] , NiCl 2 6H 2 O (30 mmol) and FeCl 2 4H 2 O (10 mmol) were homogeneously dissolved in 200 mL of distilled water. After undergoing magnetic stirring for 10 min at room temperature, sodium hydroxide (NaOH, 1M) solution was added drop-wise to the above solution to adjust the pH value in the range 10 ≤ pH ≤ 13. Afterwards, 0.16 mol (four times in excess of metal ions) aqueous hydrazine (N 2 H 4 H 2 O, 80% concentration) and 2-20 mL (0.1 mM) C16Py or BiPy solution were added to the solution as reducing agent and stabilizer agent, respectively. This reduction reaction was allowed to proceed for 12 h. The final products were collected and washed with deionized water and ethanol several times. Finally, the precipitates were dried in a vacuum oven at 40 °C. 
Characterization
Scanning electron microscope (SEM) pictures were taken using a Hitachi S-4800 field emission scanning electron microscope (Chiyoda-ku, Japan) with the accelerating voltage of 5-15 kV. The chemical compositions of the asmade powders were analysed by energy-dispersive X-ray spectroscopy (EDXS) equipped on the SEM. All transmission electron microscope (TEM) measurements were carried out using HT7700 equipment (Hitachi, Tokyo, Japan). Single drops of the samples were used to slightly coat 300 mesh copper grids covered with thin amorphous carbon films for analysis. Atomic force microscope (AFM) images were recorded using a Nanoscope VIII Multimode Scanning Probe Microscope (Veeco Instrument, Plainview, NY, USA) with silicon cantilever probes. The X-ray diffraction (XRD) measurement was conducted using a Rigaku D/max 2550PC diffractometer (Rigaku Inc., Tokyo, Japan). The XRD pattern was obtained using CuKα radiation with an incident wavelength of 0.1542 nm under a voltage of 40 kV and a current of 200 mA. The scan rate was 0.5° min . The magnetic properties of the samples were tested using a vibrating sample magnetometer (VSM) from the Physical Property Measurement System (PPMS, Quantum design Model 6000). The powders were aligned under a 10 kOe field and solidified with epoxy resin for the VSM measurements.
Results and Discussion
To obtain a visual insight into the as-prepared iron-nickel nanostructures, their typical morphologies were first studied via the SEM technique, as shown in Fig. 2 . A general overview of SEM images shows that these products are composed of many nanoparticles with a rough surface and different diameter ranges. From the particle-size distribution histograms of iron-nickel nanoparticles, it can be clearly observed that the size distributions of nanostructures of the two pyridinium derivatives are different. The size distribution of nanostructures from C16Py (0.1 mM, 2 mL) is about 80-140 nm. As for the case of BiPy under the same conditions, the main ranges changed to 100-160 nm. In addition, the typical EDXS of the as-prepared nanostructure originating from C16Py showed obvious Fe and Ni peaks. From the peak intensity, the atomic percentage of Ni is measured as 75.33% of the sum of Fe and Ni atoms, close to the theoretical value of the content of the precursor. This proves that Ni(II) and Fe(II) salts are almost reduced to zerovalent metals. A similar curve was obtained for nanoparticles from BiPy used as a template. In addition, the appearance of a weak Br element peak at 1.5 keV is mainly attributed to the absorption capacity on particle surface of cationic pyridinium derivatives C16Py and BiPy as templates on the particles' surface. At the same time, the C and N elements are not readable due to the trace amounts on the surface and the shielding of light elements. In addition, representative AFM images (Fig. 3 ) from a 2D perspective with section analysis and from a 3D perspective with depth histogram of the iron-nickel nanostructure originating from C16Py clearly show that the maximum diameter of the nanoparticles is around 117 nm, which well accords with the SEM data above. Furthermore, the TEM images in Fig. 4 also confirmed that the synthesized nanomaterials took the structure of a solid sphere with some small protuberances on the interface. The obtained alloy nanoparticles were also gram-scaled and dried in a vacuum oven. During preparation of SEM or TEM samples, just a little powder or a single drop of the samples' solutions were used to slightly coat the conductive tape or copper grid. Therefore, many of the as-prepared particles stacked tightly in the pictures.
Moreover, the experimental data indicated that the effect of concentrations of pyridinium derivatives did not seem sensitive to regulating the prepared morphologies. As cationic pyridinium derivatives, C16Py and BiPy molecules have positively charged pyridinium headgroups and long hydrophobic alkyl chains. In a colloid dispersion with a high pH value, iron-nickel nanostructures carry negative surface charges in the solution, which create a strong repulsive force inhibiting the aggregation of the particles. At the same time, cationically charged molecules can adsorb on the negatively charged surface of the particles and effectively reduce the overall charge on the surfaces, leading to a reduced repulsive force [31] [32] . In the present work, the cationic pyridinium compounds were absorbed on the particle surface of nanostructures to reduce the overall charge, and which were responsible for the formation of small protuberances or wrinkles on the particles' surfaces. It should be noted that at present, the obtained alloy nanoparticles showed uneven surfaces with grey shadows in TEM pictures. The grey shadow may be caused by the aggregation of alkyl chains in stabilizers. In addition, the roughness of the surface can be attributed to the reduced charge and anisotropic aggregation of pyridine rings absorbed on the particle surface.
In addition, with the purpose of investigating the crystal structure and purity of the as-prepared products, the typical XRD patterns of all samples were measured from 2θ angle values of 20-80°. The nanostructures obtained from C16Py at different amounts were taken as an example, as shown in Fig. 5 (A) . Though synthesized from pyridinium derivatives of different amounts, the structures of the resulting nanostructures are similar. All the featured XRD peaks can be indexed as a face-centred cubic (FCC) FeNi 3 alloy, consistent with the standard card (JCPDS card no. 38-0419, space group Pm3m (221); cell parameter α = 0.3545 nm). When compared with standard patterns, the nanostructures presented the (111) preferred orientation characteristics [27, 29] . No XRD peaks for Fe and (FCC)-Ni can be observed. In addition, no impurity phases such as iron-nickel oxides and hydroxides were detected. Similar XRD curves were obtained for nanoparticles from BiPy as a template.
We also measured the FT-IR spectra of as-prepared nanostructures to investigate the possible functional groups on the particles' surfaces. For the spectra of nanostructures from C16Py in Fig. 5 (B) , some characteristic peaks were observed at 3423, 2919, 2850, 1623, 1455 and 1383 cm -1 . These bands can be assigned to the O-H stretching, alkyl chain stretching, stretching of the pyridine ring, scissoring of alkyl chain and O-H, respectively [33] [34] . With the incremental use of various C16Py amounts in the preparation process, the relative intensities of peaks assigned to alkyl chain stretching were enhanced, suggesting more adsorption of C16Py molecules on the particles' surfaces. Similar tendencies in IR spectra were obtained for nanoparticles using BiPy as the template. The present experimental data verified that the cationic pyridinium derivatives could act as templates and stabilizing agents. products. Fig. 7 shows magnetic hysteresis curves of the assynthesized iron-nickel nanostructures carried out at room temperature in an applied magnetic field sweeping from -10 kOe to 10 kOe. For the curves of nanostructures from C16Py, the corresponding saturation magnetization strengths were 81, 84 and 97 emu/g, increasing with incremental amounts of C16Py. In addition, as in the case of samples from BiPy with different amounts, the saturation magnetization strengths showed slight changes, with the values of 81, 79 and 81 emu/g, respectively. All presently obtained values were higher than those of the bulk alloy (76 emu/g) [35] [36] , mainly due to the much smaller particle sizes and the magnetic interfaces, which suggested more organized stacking of stabilizer agents on particles' surfaces. Considering the obtained experimental results described above and previous reports, a different process of the preparation of iron-nickel alloy nanostructures via cationic pyridinium derivatives was proposed. As for presently used C16Py and BiPy with pyridine ring as headgroups, in comparison with the single quaternary ammonium compound CTAB, two template molecules demonstrated larger spatial hindrance and better charge dispersion between pyridine rings. Therefore, the prepared ironnickel nanostructures showed a slightly larger particle diameter with negative surface charges and adsorbed, charged pyridinium headgroups in solution. This leads to an isotropic distribution of the residual surface charges, generating a uniform stacking of nanoparticles. In addition, it is interesting to note that the presently obtained results show obvious differences with those of the relative report of FeNi 3 nanoparticles preparation with CTAB as template [29] . In that work, the iron-nickel nanochains were formed by an orderly self-assembly process. The potential applications of the presently prepared nanostructures are currently under investigation in various relative fields of nanomaterials and nanotechnology.
Conclusions
In summary, iron-nickel alloy nanostructures with different size ranges have been successfully prepared via cationic pyridinium derivatives used as templates in solution. The experimental results showed that the adsorption of cationic pyridinium compounds on the surface of particles reduces the surface charge, leading to an isotropic distribution of the residual surface charges. A significantly changed magnetic coercivity has been observed for the nanostructures compared to the bulk permalloy. The prepared nanostructures and magnetic properties have many potential applications in nanoscience and material fields due to their scientific values.
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